Abstract. In order to study the quiet time proton flow and magnetic field in the inner plasma sheet resulting from electric and magnetic drifts, we incorporate a modified version of the Magnetospheric Specification Model with a modified Tsyganenko 96 magnetic field model to self-consistently simulate plasma sheet protons and magnetic fields with two-dimensional force balance maintained along the midnight meridian. The resulting equatorial proton flows and pressures agree very well with previously published AMPTE/IRM observations quantitatively. Because of this agreement, the simulated forcebalanced magnetic field configuration should give more realistic plasma sheet magnetic field variations for quiet times than does the original T96 model. This 2-D self-consistent simulation is also able to reproduce the observed flows and pressures better than our previous 1-D self-consistent simulation. The improvement results from a more accurate modeling of the coupling between the plasma and the magnetic field in the 2-D self-consistent simulation.
Introduction
The flow in the Earth's plasma sheet is driven by solar wind energy that enters the magnetosphere.
While the plasma is transported Earthward in the tail plasma sheet, part of the solar wind energy is stored in the flowing plasma as increased plasma pressure. At the same time, part of the energy is stored in the 2 tail lobes as increased magnetic pressure. The increase in lobe magnetic pressure results from maintaining force balance with the increasing plasma sheet pressure so that a steady plasma flow is ensured. The stored energy in the plasma and magnetic fields can be released during geomagnetic disturbances such as substorms or become an important energy source for the storm time ring current. Therefore, simulating the plasma transport and energy storage in the plasma sheet and tail lobes is crucial to understanding the role of the plasma sheet in storms and geomagnetic disturbances. Quiet time plasma sheet proton distributions have been modeled by Spence and Kivelson [1993] . Their results, together with the quiet time observations by Wing and Newell [1998] , showed that magnetic drift as well as electric field drift is important for obtaining realistic particle distributions for quiet times. Modeling of plasma dynamics under an empirical magnetic field allows for the correct inclusion of magnetic and electric drift. However such an approach does not allow for the important self-consistent evolution of the magnetic field configuration with the plasma. Self-consistentency requires that a technique be used to relax the empirical magnetic field model to provide plasma a force-free environment. Toffoletto et al. [1996 Toffoletto et al. [ , 2001 incorporated the Rice Convection Model with a magnetic field relaxation technique developed by Hesse and Birn [1993] to self-consistently simulate the magnetotail under enhanced convection. We previously modeled the quiet time plasma sheet proton distributions [Wang et al., 2001] using a modified version of the Magnetospheric Specification Model (MSM) with the incorporation of a modified Tsyganenko 96 model. The modified T96 model, which combined the original Tsyganenko 96 model [Tsyganenko, 1995 [Tsyganenko, , 1996 with adjustable modification currents, provided a more flexible magnetic field than the original T96 model and was able to maintain a force balance with simulated plasma pressure at local midnight along the equatorial plane and to reduce the force imbalance in the z direction within the plasma sheet. Despite the lack of good force balance in the z direction, the previous simulation was able to reproduce quantitatively the general features of plasma distributions and flows within the inner plasma sheet observed by different satellites.
In the present study, a new and more flexible set of modification currents is incorporated into the T96 model allowing force balance to be extended into the z direction as well. With this flexibility, we self-consistently simulate the quiet time plasma sheet transport under a two-dimensional force balance along the midnight meridian plane. That is, inside the plasma sheet, the magnetic force is changed at each time step to balance the plasma pressure gradient force in both the x-and z directions. Outside the plasma 3 sheet, the lobe magnetic pressure is also adjusted to be equal to the equatorial plasma pressure. This simulation results in 2-D self-consistent equilibrium for both protons and magnetic fields. The results are compared with observations to show that this 2-D self-consistent simulation reproduces more accurately the realistic quiet time plasma sheet than previous less self-consistent simulations.
Simulation Description
The transport of plasma in the plasma sheet is modeled by a modified version of the Magnetospheric Specification Model (MSM). The original MSM [Freeman et al., 1993] calculates the bounce-averaged electric drift and magnetic drift of flux tubes filled with isotropic distributions of ions or electrons at a set of specified kinetic energies inside the closed field line region of the magnetosphere. Details about how the MSM simulates particle fluxes and distributions of plasma parameters are given by Wang et al. [2001] . Our main modification to the original MSM is to improve its boundary particle sources to be more realistic. Since particles from the model boundary, after drifting into the model region, form the main population of the plasma sheet, an appropriate description of their distributions is crucial to successfully modeling the plasma sheet. The new boundary particle sources take into account particles originating from the distant tail and from the low latitude boundary layer. The particle distributions are determined by kappa or bi-kappa distributions based on Geotail observations [Paterson et al., 1998 ] and the results of the finite-tail-width-convection model [Spence and Kivelson, 1993] . This boundary condition, together with the electric field model and the initial condition, are described in Wang et al. [2001] and are the same as used in the present study. The goal of this simulation is to model plasma and magnetic field more self-consistently than in Wang et al. [2001] by obtaining force balance in 2 dimensions.
The original T96 is an empirical model that generates realistic large-scale magnetic field configurations, but its current density distributions have constraints that prevent it from being directly used to obtain a force-balanced field. We improve the flexibility of the T96 by adding a set of additional small-scale circular current loops [Tsyganenko, 1998 ]. The current loops, each obtained by spreading out an originally infinitely thin current loop over all space without violating the condition ∇⋅B = 0, are used to represent a realistic spatial distribution of current density. As shown in Figure 1 , the current of each current loop flows in a circle, and the current density spreads out with a characteristic thickness D.
The direction and amplitude of the current are adjustable. The center of each circular loop is located at
Each loop is parallel to the equatorial plane, so the current flows within a cross section with an area ∝ D 2 that is centered at r = a R E and Z GSM = b R E , where r is the radius of the loop. In this simulation, D is the same for each current loop and is assigned to be 0.23 R E . The parameters (a, b) of each loop are assigned to a grid of a spacing 0.3 R E equally in the radial and z direction within the region 2 R E < r < 30 R E and -6 R E < Z GSM < 6 R E . The magnetic field generated by these current loops is then confined to stay within the magnetosphere by shielding currents flowing on the T96 magnetopause so the component of the magnetic field normal to the pause is zero. This is equivalent to taking into account the magnetic field generated by the current loops' closure current flowing along the magnetopause [Tsyganenko, 1995] . With this flexibility, we adjust the amplitude and direction of the additional current loops in the modified T96 to maintain 2-D force balance along the midnight meridian through the simulation.
Simulation Results and Discussion
A cross-polar-cap potential drop of 26 kV is used in this quiet time simulation, as in Wang et al.
[ 2001] . We run the simulation until both the plasma and magnetic field in the plasma sheet reach a steady state, which represents 2-D equilibrium for the quiet time protons and magnetic fields.
In this section we compare the results from our 2-D self-consistent simulation with observations and the results from a simulation in which the magnetic field is the original T96 field and is kept constant (later referred to as the "non-consistent" simulation) and from the simulation in which force balance is maintained only at the equatorial plane along the midnight meridian (results from Wang et al. [2001] , which we call the "1-D self-consistent" simulation). The improvement in force balance from the nonconsistent simulation to the 2-D self-consistent simulation is shown in Figure 2 , which shows the ratios
obtained by integrating the force balance equation, p = J×B, along the x direction and z direction, respectively. The ratios should both equal 1 if the force balance is perfectly achieved. The simulated total proton pressure at midnight along the equatorial plane from the 2-D selfconsistent simulation is shown in Figure 3 , together with the simulated pressures from the non-consistent simulation and the 1-D self-consistent simulation. The inner edge of the plasma sheet at midnight, which is the Earthward boundary of protons drifting from our model's tail boundary, is located at X GSM ~ -7 R E , and the simulated pressures along the midnight meridian are compared with the perpendicular proton pressure in the region -7 R E > X GSM > -9 R E observed by AMPTE/CCE [Lui and Hamilton, 1992] (dashed-and-double-dotted curve shows a pressure profile from one near-midnight orbit). Even though there are observations from several satellites available beyond X GSM = -10 R E , we only plot the quiet time plasma sheet pressure from AMPTE/IRM [Angelopoulos et al., 1993] . The reason for choosing the AMPTE/IRM data is that our simulations only model slow drift and the AMPTE/IRM data had been processed so the contribution from bursty bulk flows was not included. In addition, the same AMPTE/IRM data also provides measurements of flow velocity, number density, and electric field [Angelopoulos et al., 1993 , Angelopoulos, 1996 . As addressed in the discussion section, comparisons of these parameters from AMPTE/IRM with our simulation results allow us to investigate the realism of our simulated magnetic field. By comparing several different plasma parameters from the simulation with observations from just one data set, we avoid possible ambiguities in comparing different parameters obtained from different data sets. The AMPTE/IRM data plotted in Figure 3 are the mean values calculated using a 2×10 R E 2 bin in the X GSM -Y GSM direction and the error bars are a fifth of the standard deviation about the mean. The simulated pressures beyond X GSM = -11 R E shown in Figure 3 have been averaged in the same manner as the measurements.
In the region -7 R E > X GSM > -9 R E , the simulated pressure from the 2-D self-consistent simulation is slightly more consistent with the AMPTE/CCE pressure than the non-consistent simulation or 1-D selfconsistent simulation. Beyond X GSM = -11 R E , the 1-D self-consistent simulation brings the pressure to better agreement in the magnitude with the AMPTE/IRM pressure than the non-consistent simulation; however, the slopes in both profiles have sharper radial gradients than the AMPTE/IRM profile. With the 2-D self-consistent simulation, the radial profile becomes flatter and its radial gradient is closer to the AMPTE/IRM gradient. Thus the 2-D self-consistent simulation yields even better agreement with the observations than the 1-D self-consistent simulation. The comparison shows that the plasma transport 6 under a force-balanced magnetic field results in a more realistic radial pressure gradient force, which is smaller than the force resulting from transport under a less consistent magnetic field. The decrease in radial pressure gradient occurs in conjunction with a decrease in the radial gradient of magnetic flux tube volume in the more consistent field as discussed later.
The average velocity 〈v〉 of protons in a time-independent magnetic field is
where n is number density and e is the electron charge. The first term on the right-hand side of (1) The T96 magnetic field, based on observed magnetic field data rather than plasma pressure data, does not provide a configuration that is in force balance with isotopic plasma-sheet particle distributions.
However, our modification to T96 enables force balance to be achieved in both the x and z directions along the midnight meridian. The equatorial magnetic field strength along the midnight meridian from the 7 2-D simulation is plotted in Figure 5 and compared with the original T96 magnetic field used in the nonconsistent simulation and the modified T96 field from the 1-D self-consistent simulation. Both the simulated magnetic fields and the original T96 field show a decreasing strength with increasing distance from the Earth, but the radial gradient in the profile of the 2-D self-consistent magnetic field is quite different from those in the other two profiles. Beyond X GSM = -10 R E , the 2-D self-consistent magnetic field has a flatter profile than the other two fields, which indicates that the magnetic flux tube volume in the 2-D self-consistent simulation decreases more slowly with decreasing distance from the Earth than in the other two simulations. With the assumptions of adiabatic convection and isotropic pitch angle distributions, this also implies that the particle energy density (pressure) increases more slowly with decreasing radial distance in the 2-D self-consistent simulation, which explains the improvement in the slope of the radial pressure profile from the 2-D self-consistent simulation shown in Figure 3 . The forcebalanced magnetic field profile obtained by relaxing the Tsyganenko 89 magnetic field for Kp =2 using the Hesse and Birn [1993] relaxation technique [Toffoletto et al., 2001 ] is also shown in Figure 5 . This magnetic field was used by Toffoletto et al. [2001] as the initial condition for their simulations of the plasma sheet under enhanced convection. Their profile can be seen to resemble the original T96 field profile and to not show the flattening seen in our results. The difference with our results is likely because their relaxation technique tends to preserve the initial Tsyganenko magnetic field configuration and does not obtain the magnetic field by self-consistently modeling plasma transport and magnetic field evolution.
Restricted by satellites' orbits, it is difficult to obtain from observations a radial variation of the equatorial magnetic field strength along the midnight meridian that we can use to verify the magnetic field profile shown in Figure 5 . We have shown good agreement of our simulated drift velocities and pressures with the AMPTE/IRM data. If our <v>, ∇ , n, and p all agree with observations, then equation (1) suggests that the magnetic field should also be realistic. Figure 6a shows the E y from our electric field model and the E y derived from the AMPTE/IRM data [Angelopoulos et al., 1993] as a function of Y GSM . The comparison shows that our electric field model represents the quiet time electric field realistically. Figure 6b shows that the calculated number density across the tail minimizes around midnight and becomes higher toward the dawn and dusk flanks; Figure 6c shows that the calculated proton pressure is relatively uniform across the tail with slightly higher pressure on the dusk side than the 8 dawn side. Both profiles agree with the AMPTE/IRM data quite well, and they also agree qualitatively with the model results from Spence and Kivelson [1993] and the observations from Wing and Newell [1998] . Based on the above comparisons, we argue that we cannot get such good agreement with observations in all of the plasma parameters in equation (1) unless our magnetic field is also realistic.
This magnetic field, obtained here for quiet times, could be used as a realistic initial field condition for simulations of more disturbed magnetospheric conditions. from AMPTE/CCE (in the region -7 R E > X GSM > -9 R E ) and from AMPTE/IRM (in the region X GSM < -11 R E ). Note both the simulated pressures and the observation beyond X GSM = -11 R E are averaged over the region -10 R E < Y < 10 R E ). 
